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Channel-specific angular distributions of HCl and CH 3 products
from the reaction of atomic chlorine with stretch-excited methane
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A beam containing methane and molecular chlorine is expanded into a vacuum where the methane
is excited with two quanta of C—H stretchirigne quantum each in two of the four C—H bonds

The reaction is initiated by fast Cl atoms generated by photolysis,cfitG355 nm, and the resulting

CH; and HCI products are detected in a state-specific manner using resonance-enhanced
multiphoton ionization. Speed-dependent spatial anisotropigg,d of HCl and CH products

allow identification of three major product channels. They are in order of import&acelCl (v
=0)+CH; [v; (symmetric stretch or v3; (asymmetric stretchy1]; (b) HCI (v=1)+CH;

[ v,(umbrella bend¥ 1)]; and(c) HCI (v=1)+CH; (v,=1). The CH (v=0) product cannot be
detected, and the HClv&2) product is minor. Channel@) and (c) proceed in a vibrationally
adiabatic manner, whereas chanfiglappears to involve the nonadiabatic interaction involving the

low frequency bending mode in methane that correlates to the bending mode in the methyl radical
product. The angular distributions differ markedly for the three product channels. This behavior is
explained by the propensity for reactive collisions involving H-atom transfer along the line of
centers and the difference in the cones of acceptance. The rotational angular momentum vector of
the HCI (v=1, J=1) product is aligned perpendicular to the line of centers, which is consistent
with an impulsive energy release along the line of centers. Our results clearly demonstrate that the
direct and local mode picture of the chemical reaction remains largely valid, which connects
vibrational excitation to the scattering dynamics. 2002 American Institute of Physics.

[DOI: 10.1063/1.1493192

I. INTRODUCTION in the reaction, and the pattern of the vibrational excitation of
the methyl radical indicates that the reaction proceeds with-

Becau_se polygtqmlc molecules have more .thar} oNGut major energy redistribution of the initial vibrational mo-
mode of vibration, it is important to compare one V|brat|onalc}ion of the methane reagent

mode of t.h e reagent to anot.her_ n _Influgncmg reactivity an In this paper, we report the results of a more detailed
in controlling product state distributions in bimolecular reac-; P -

. g investigation of the reaction,

tions. The concepts of mode and bond selectivity have been

experimentally examined in only a few simple reaction sys-  Cl+CHy(v3=2)—HCI+CHs, 1)

tems thus faf;® and much work remains to be done t0 ex- i which the methane is prepared in its asymmetric stretch
plore this topic. _ _ _ vibration, one quantum each in two of its four C—H oscilla-
_We have investigated the reaction of atomic chlorineyo s The focus of this study is twofold. First, we investigate
with vibrationally excited methane. This reaction provides anne correlated vibrational energy partitioning between HCI
excellent opportunity to explore the above-mentioned aszng cH, products in order to probe how and where the initial
pects of a vibrationally activated reaction. Thet@H, re-  \iprational energy is channeled. Second, the state-resolved
action produces Ci a polyatomic product, so that we can giterential cross sections and the product rotational polariza-
investigate the vibrational energy disposal among the vibragsn are studied to understand the scattering dynamics of this
tional modes of “old bonds” (CH) as well as the “new eaction. Our results lead us to propose a simple model to
bond” (HCI). As in the case of the reaction of H atoms with gyp|ain the correlation of the angular distribution, the energy

vibrationally excited HO,** recent work on the reaction of yelease, and the rotational alignment of the HCI product.
Cl atoms with stretch-excited GHshows that the reactivity

enhancement upon vibrational excitation is localized in a

C—H bond> Furthermore, Kimet al. have reported strong |, BACKGROUND

mode specificity and bond selectivity in the reaction of

atomic chlorine with methanéCH,, CH,D,, and CHRy) A IR spectroscopy of methane near 6000 cm
excited to its first C—H stretch overtone. Only the activated The first overtone transition of the triply degenerate
C—H bond within the partially deuterated methane takes paftasymmetric stretchingmode of methane is composed of
A1, F,, and E symmetry species. Among them, only the

Author to whom correspondence should be addressed. Electronic mai€Xcited states Wit"'_:z _symmetry[2v3(l_:2)] are allowed by
zare@stanford.edu one-photon IR excitation. The stretching modes of,Qldve
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A the product channels HCb& 1)+ CHy (v4 or v3=1) and

8000 | Cl + CH,|1100;F,) HCI (v=2)+CHs; (v=0 or »,=1) have similar energetics.
Likewise, the HCI ¢=1)+CH;s (v=0 or v,=1) and the

V2 HCI (v=0)+CHs; (v4 or v3=1) channels are nearly isoen-

ergetic. Figure 1 illustrates that this reaction presents an in-

v, HCl(v=2) teresting opportunity to compare the relative propensity to-

ward the nearly isoenergetic product channels.

V4, Vs Ve

6000

V.
V4,Vs 2

4000

. HCI (v=1) C. Methodology
Va

Total energy (cm™)

The procedures for obtaining the differential cross sec-
tions (DCS), the spatial anisotropies, and the angle-resolved
| / N\ alignment were described in previous publicatibfig® We
0 HCI (v =0) > present only a brief outline of the methods. The core-
Reaction coordinate extracted time-of-flight(TOF) profiles taken with parallel

(1)) and perpendicularl() photolysis polarization with re-

FIG. 1. Schematic energetics of the reaction+CH,/1100F,)— HCI . . .
+CHjs. The collisional energy spread is represented by a Gaussian distnspeCt to the TOF axis can be converted to 'SOtrdec__lH

bution estimated using the formulas of van der Zaatlal. (Ref. 35. Also +21, and anisotropicl znisg=2(l;—1.) components. The
shown on the right-hand side of the reaction coordinate are the fundament@otropic component contains information on the laboratory

f!’equencies of the CHnormal modes superimposed on top of the vibra- speed distribution C(U'/dvprod)- This speed distribution can
tional levels of HCI. be uniquely transformed into the DC8/d cosé) with the
knowledge of the internal energy of the unobserved product.

some bending character owing to the Fermi resonance bd € internal energy of the unobserved proddutreafter,
tween one stretching quantum and two bending quanta. 1f@/led co-produgtcan be determined by measuring the spa-
fact, a rigorous description of this eigenstate requires 4@l anisotropy of the observed produgt{v) which is
polyad approach that takes into account the interactions pdelated to the kinematics of the photoinitiated reaction by
twegn vibrat_ional stqte%? E.xtensive spectros_copic and the- Borod V) = BphoP2(COSHy). )
oretical studies on this subject can be found in Refs. 6-11. In Eq.(2) P. is th d-order L q | L
particular, theoretical modeling of the IR spectra by HanneHn 9.(2) P, is the second-order Legendre po ynom&u,ls
and Child® and Halonetf showed that the 25(F,) eigen- the angle between the cgnter of m{a@M_) velocr_[y and the
state is dominated by C—H stretching local mode characte,[?roduCt laboratory velocity, as determined uniquely by the

that corresponds to the assignmkIt00F ) (one stretching internal energies o_f the reaggnts, products, and Fhe rea_ction
qguantum in each of two C—H oscillatgrsith approximately enthalpy, andByne is the spatial anisotropy associated with

a 10% contribution from bending. Without a knowledge of the photodissociation step for the Cl-atom precutSdrhe

methane reactivity associated with excitation of the bendin prodv) for the HCI product in a particular ro-vibrational

mode, the bending mode contribution to the;@F,) eigen- Ctlite r::ontalns (;nfor(r;atpn 9(;1 the m:}err:lal exc'|tat||onHoélthe
state could cause difficulty in interpreting the reactivity. Re- 5 that Is producedn coincidencenitn that particular

cent results by Kinet al,? however, clearly show the domi- Product. Likewise Syo{v) of the state-selected Ghprod-

nant role of stretching character in the reaction of stretchY¢t has information on the internal energy of the HCI co-
excited methane with atomic chlorine. product. Therefore, these complementary measurements re-

veal detailed features of the correlated energy disposal
between HCI and Cklproducts as well as providing infor-

2000 v,

B. Energetics mation needed for converting the speed distribution to a
This reaction is slighty endothermic AH®  DCS.
=660 cm ), and the estimated reaction barrier~s.000 For the analysis and interpretation of the rotational po-

cm ! (Ref. 12 (see Fig. 1L The 355 nm photolysis of gl larization of HCI o =1, J=1), we use the stationary-target
provides 1208 100 cmi ! of center-of-mas$CM) collision  frame (STP™? in which thez axis (quantization axisis par-
energy E..1), and the vibrational excitation of GHsupplies  allel to the laboratory velocity of the product, and thexis

an extra 6000 cmt of energy. Hence the total available en- is defined to be normal to the scattering plane. The spatial
ergy is 7200 cm?, which is well above the reaction thresh- averaging associated with the SHEAB frame transforma-
old. Also shown in Fig. 1 are the energy levels of HCI andtion partially washes out the off-diagonal momefiss{®

CHj; products in various vibrational statefer CH;, the nor-  (STH and A(Zz) (STPH] of the reaction product, and the de-
mal modes shown are, (symmetric stretch, 3004 cm), v, gree of this averaging depends on the kinematics and the CM
(umbrella bending, 610 cnt), v (asymmetric stretch, 3160 scattering angle. On the other hand, m{é’ (STH moment
cm 1), and v, (deformation, 1400 cmt)]. The fundamental is not averaged out by the frame transformation. In our ex-
vibrational frequencies of HCI and the C—H stretchingperiment, only 10% of the off-diagonal moments survive the
modes of CH are close in energyHCI, 2991 cm'%; CH,, spatial averaging. In spite of repeated attempts, it was not
v1=3004 cm !, v3=3160 cm 1). Also, thev, bend of CH possible to obtain TOF profiles with sufficient signal-to-noise
and the reaction endothermicity are similar. Consequentlysatio to extract all the moments. Therefore, we neglect the
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off-diagonal contributions in our analysis of the rotational
alignment HCI ¢ =1, J=1) product. This simplification is

an excellent approximation for the forward and sideway scat-
tered regions, but it becomes less rigorous in the backward
scattered direction.

(@) HCl(v=2)

(BYHCI (v=1)
I1l. EXPERIMENT

A 1:4:5 mixture of molecular chlorinéMatheson, re-
search grade, 99.999%nethangMatheson, research purity,
99.999%, and helium(liquid carbonic, 99.995%gas is su-
personically expanded into the extraction region of a linear
Wiley—McLaren time-of-flight (TOF) spectrometer under
single-collision conditions. Photodissociation of @lith lin-
early polarized 355 nm light produces fa&t.6 km/9
ground-state {P;,) Cl atoms via the Gl CI(1,)-
X13(04) transition with a spatial anisotropfyne= —1."° | L B B L
Methane is excited to thgl100FF,) state (Q-branch band 0 2 4 6 8
head with 1.6 um radiation. After a 60—100 ns time delay Jhca
for the reaction to occur, HCI or GHproducts are state . -, goiona distributions of HCl=0), HCI (v=1), and HCI ¢
selectively ionized by 2 1 resonance-enhanced multiphoton =2) products. For HClI{=0, J=0), the interference from the supersoni-
ionization (REMPI). The resulting ions subsequently drift cally cooled HCI =0, 3=0) impurity prevented us from separating the
along the TOF tube, and are detected by Chevron-type mieaction signal from the background. For HGI=£2, J=0) state, an ad-
crochannel plates. The reactive signal from the vibrationallyeduate transition was not available. The error bars represgnt,2of rep-

. . - . licate measurements.
excited methane is distinguished from backgrousuach as
HCI impurity and reactive signal from the ground-state
methang by subtracting the signal with and without IR ex-
citation on an every-other-shot basis. functions generated by a Monte Carlo simulation. During the

The linearly polarized 355 nm photolysis beam is genermeasurement of the alignment momeAf” (STP), of HCI
ated by frequency tripling the fundamental of the Nd:YAG (v=1, J=1) products, the PEM is placed in the probe laser
laser outpuf~100 mJ, PL9020, ContinuumThe IR radia- path, and the polarization of the photolysis beam is set per-
tion at 1.6um is obtained by parametrically amplifyifqm a ~ pendicular to the TOF axis. The core-extracted TOF profiles
LiNbO; crysta) 3.3 um radiation that was generated by with probe polarization parallell {°*9 and perpendicular
difference-frequency mixing of 1.06m radiation(Nd:YAG (179 to the TOF axis are recorded, and the isotropic
fundamental outpiitand the output of a dye lasé@ND6000,  R2o%%= PP 21Pe and the anisotropiclgeee=2 (1"
Continuum; LDS768, Excitonin another LINbQ crystal.  —17°"9 components are used to extract the angle-resolved
The probe light for REMPI is generated by frequency dou-A$) (STH moment after correcting for the hyperfine depo-
bling (in a BBO crystal the output of a dye lasdFL2002, larization (G(®=0.25) 18
Lambda Physik pumped by a Nd:YAG lasefDCR-2A,

Spectra Physigs For HCI detection, we use Exciton

LDS489; for CH detection, we use an exciton DCM/LD698 |v. RESULTS

mix. The photolysis, IR, and probe beams are focused an o

spatially overlapped with the supersonic expansion usintg‘ HCl and CH 5 product state distributions

f.I.=50 cm lenses. The product state distributions of HC) €0), HCI (v

The rotational distributions of the HCI products are ob-=1), and HCI ¢ =2) are shown in Fig. 2. We are unable to
tained by a method similar to that of Simpseinal *® For the  record the populations for HClv=0, J=0) and HCI @
detection of HCI { =2) products, we use thg-branch lines =2,J=0) states because of significant interference from
of the (1, 2) band of the HCF *A—X '3 " transition}” Cor-  HCI (v=0, J=0) impurities and because of the lack of an
rection factors that are needed to convert the integrated sigsolated transition for detecting HC) & 2, J=0) via the(1,
nal to the population were determined by a separate IR2) band of theF—X transition. Rotational distributions for
REMPI double resonance experiment on HGh=0) each vibrational manifold are very cold. The rotational en-
impurities present in our expansidsee the Appendijx ergy only accounts for a small percentage of the total energy

A photoelastic modulatofPEM-80, Hinds International available for the reactiofsee Table)lL A slight decrease in
Inc.) flips the linear polarization direction of the photolysis average rotational excitation with vibrational excitation of
laser between parallel and perpendicular to the TOF axis oRICl is also observed. The vibrational branching obtained by
an every-other-shot basis. The isotropig=1,+21, and an- integrating each of the rotational distributions shows that
isotropic | ynisg=2(1;—1,) components of the TOF profiles most of the products are produced in HZI=0) (69.0%
are used to extract the speed-dependent spatial anisotropy afid HCI =1) (30.9%, with an almost negligibl€0.1%)
the productsBp,(v) by fitting these components to basis contribution from HCI ¢ =2).

Population (arb. units)

(c) HCI (v = 0)

Downloaded 01 Aug 2002 to 171.64.125.84. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 117, No. 7, 15 August 2002 Angular distributions of HCI and CH, products 3235

TABLE |. Vibrational state branching ratio and the average rotational

energies. (@) CH; (v4=1)
Relative vibrational state 't
v population(%) Average rotational energfem %)
0 69.0 213
1 30.9 79
2 0.1 73

Figure 3 presents the21 REMPI spectrum of methyl
radical products obtained using the@?2 Aj—X A} transi-
tion. Two striking features of this spectrum are the near ab-
sence of the g)band and the appearance of a strong band at
59903 cm ! corresponding to th&-branch band head of the
symmetric stretching band {)L*°?° A short progression in
the umbrella bending mod@; and 2 band$ is also evi-
dent. We estimate an upper bound of 3% for the population
ratio of CH; (v=0) to CH; (v,=1), using the calculated
ratio of Franck—Condon factors fof ersus 2 transitiong* TOF (ns)

[q(23)/q(2}) =1.125], together with the assumption that the
predissociation and ion-fragmentation rates associated withiG. 4. Isotropic and anisotropic components of the core-extracted TOF

the 2% band % are the same. profiles of (8) CHz (v;=1) and(b) CH; (v,=1). The open circles and
squares are the isotropic and anisotropic components of the measured TOF

profiles, whereas the solid lines are the results of the fit.

Intensity (arb. units)

B. Speed distributions and the spatial anisotropies of
CH; and HCI products

Figure 4 shows the TOF profiles of Gibtained from  curve at higher velocities. From the measured spatial anisot-
the 17 and 2 bands. The TOF profile of CH»,;=1) shows  ropy, the speed distribution shown in Fig(abis decom-
a sharp peak near time zero, with broad features on botRosed into contributions from the HCbL E0) and HCI ¢
sides. The speed distributiditig. 5@)] is energetically al- =1) channelgsee Fig. &c)]. The low-speed component of
lowed for both HCI ¢=0) and HCI ¢ =1) channels, but the CH; (v1=1) product is mostly produced with HCb (
the formation of HCI { =2) co-products is energetically not =1), and the high-speed one corresponds to the HCI (
possible. Figure @) shows the measured spatial anisotropy=0) co-product. Figure 6 shows a similar analysis for the
of CH; (v;=1) compared with the expected curves, CHs (v,=1) product. The measured spatial anisotropy
Blv;HCl(v=0)+CH,(v,;=1)] and B[v;HCl(v=1) closely follows the curveB[v;HCI(v=1)+CHs(v,=1)]
+CHy(v,=1)]. The spatial anisotropy follows the throughout the entire velocity range. We conclude that the
Blv;HCI(v=1)+CHy(»;=1)] curve at lower velocities, CHs (v,=1) product is produced almost exclusively with
whereas it converges to thg{v;HCI(v=0)+CHz(v,;=1)]  the HCI w=1) product.

Figure 7 shows the isotropic and anisotropic components
of the core-extracted TOF profiles of HGI € 1, J=1) [Fig.
7(a)] and HCI @=0,J=5) [Fig. 7(b)] obtained using the
R(1) line of F—=X (1, 1) band and thé&k(5) line of theF—-X
(0, 0) band, respectively. The signal-to-noise ratio prevented
0 8 x us from obtaining TOF profiles of HClu(=2) products.
l TOF profiles of HCI ¢=1) in higher rotational states](

=4,5) show only slight variations in shageot shown. The
acquisition of the TOF profiles of HClu(=0) product is
92 primarily limited by interference from the rotationally cold
2 HCI (v=0) impurity background. Only the HClv(=0)
products with J>4 have a large enough signal-to-
background ratio to permit us to obtain the TOF profiles of
HCI (v=0) products. The speed distribution and the spatial
anisotropy of the HCl{=1, J=1) products are shown in
FIG. 3. 2+1 REMPI spectrum of the CHproduct via the §,~X transi-  Figs. 8a) and 8b), respectively. Figure ®) compares the
tion. Also shown are the band assignments and the expected position of t@atial anisotropy of HCI L(: 1,J= 1) with the expected
0p band. The increased noise near tHel@nd position is caused by the ¢y rves for different modes of methyl co-product vibrational

large resonant background signal at th& Band originating from the o .
ground-state reactiopCl+CH, (v=0)—HCI+CH; (v=0)] that gener- ?XCIt.atlon' From the methyl radical REMPI spectr@shown
ates mostly vibrationless methyl products, which does not depend on thé! Fig. 3, we rule out the presence of ground-state;CH

presence of IR radiation. co-products; hence, it is not included in the plot. The mea-

2

Intensity (arb. units)

—r—Trr7
60,000 60,500 61,000 61,500

Two-photon frequency (cm™)
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E (@ HClI(v=1,J=1)
5
§ (a)
> o)
£ =
g >
= £
&
P
-0.81 =
' o
-0.44 <
> 0.0
o 4
44 .-
0 4 HCl(v=1) —
0.8- HCI(V=0) weennees
e
g HCI(v=1) -~ é{j é TOF (ns)
-é HCI(v=0) ~a-~ u' “ (C) FIG. 7. Isotropic(open circles and anisotropi¢open squargscomponents
S ; \ of the core-extracted TOF profiles ¢8 HCI (v=1,J=1) and(b) HCI
> / | (v=1, J=5) products, together with the result of the ®blid lines.
c
2
c . . L
o -—n-nnn'n +CHgs(v,=1). Hence, we attribute this deviation to a small
Y T

v L] v 1 v Ll
0 1000 2000 3000 4000

contribution from HClg =1)+ CHg(v,=1).?? We estimate

an upper bound for this contribution to be 10% of the total
V(CH3) (m/s) HCI (v=1) product. Figure 9 shows the speed distribution
and the spatial anisotropy of the HGI€0,J=5) product.
FIG. 5. (a) Speed distribution of Ck(»;=1) (open circles (b) Spatial  The measured spatial anisotropy of the HGI=0, J=5)

anisotropy of the CKl(v,=1) product compared with the expected curves
for HCI (v=0)+CHs(v,=1) (dotted ling and HCIl p=1)+CHs; (v,
=1) (solid line) subchannels(c) Deconvolution of the speed distribution
into two subchannel contributions; HG € 1)+ CH; (v,=1) (solid circles
with solid line) and HCI v =0)+ CH; (v,=1) (open squares with dotted
line).

sured spatial anisotropy follows the curve that is expected for
CHs(v,=1). However, there is a slight, yet reproducible,
deviation from the curve corresponding to the HGHK1)
+CHgz(v,=1) channel around the speed range 1-1.5 km/s.
Complementary measuremelgghown in Fig. 3 on the me-
thyl radical product indicate the existence of H&H 1)

-0.8- ¢
-0.4-
s
Q. 0.01
0.4 " HClwet) —
J . Hcl(v=0) --------

1000 2000 3000 4000

B(v)

Intensity (arb. units)

(@)

-0.8-
-0.6-
-0.4-

-0.24

Ll L]

— — —
400 800 1200 1600 2000

V(HCI) (m/s)

FIG. 8. (a) Speed distribution andb) spatial anisotropy of the HClu(

=1, J=1) productgopen circles The measured spatial anisotropy is com-
V(CH3) (m/s) pared with the expected curves corresponding to the different modes of
vibrational excitation of methyl co-products: umbrella benditigck solid
FIG. 6. The spatial anisotrogppen circlesof CH; (v,=1) compared with  line), in-plane deformatior(thin dotted ling, symmetric stretchingthick
the expected curves for HCbE 1) (solid line) and HCI (p=0) (dotted dashed-dotted lingand asymmetric stretchinghin solid line. The error
line) co-products. bars represent®,_, of replicate measurements.
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FIG. 9. Results of the analysis on the HGI=0, J=5) TOF profile.(a) cosé

The speed distributior(b) The spatial anisotropy is compared with various

o . B FIG. 10. Differential cross sections of the three identified chanrie)s.
modes of CH excitations. Same notations are used as in Fig. 8. e

HCI (v=0)+CHjz (v, or v3=1), (b) HCI (v=1,J=1)+CH; (v,=1),
and(c) HCI (v=1)+CH; (v;=1). To obtain the DCS for channé), the
contribution from channelc) was removed from the speed distribution of
product closely follows the curves that correspond/je- 1 HCI (v=1,J=1). The error bars represenr2_, of replicate measure-

or v3=1 excited methyl radical within the entire speed ments.

range, which is in agreement with the result of the measure-

ment of the CH (v,=1) product. We conclude that most of

the HCI (v=0) products are produced in coincidence with

the CH; (v; or v3=1) products. + CHy|1000F,)—HCI(v=1)+ CHz(v=0) and CHKCH,

In summary, from the measurements of the spatial1100F,)—HCI(v=1)+CHs(»,=1) [channel (c)] have
anisotropies of both HCI and GHproducts, we identify the almost the same impulse energy release. Both channels are
following three product channelén order of importance forward scattered. A similar parallelism also exists between

, _ _ the DCSs of CFCH,10005F,)—HCI(v=0)+CHs(v
Cl+ CH,|1100§F,)—HCl(v =0) + CHy(v; or ”3‘(131;) oorrel) and of |CH—CH4|>1100;F2)HHCI(v:0)
+CHg(v1 or v3=1) [channel(a)]. This behavior is an indi-
—HCl(v=1)+CHg(v,=1), (3b) cation that only one of the two activated C—H bonds actually

—HCl(v=1)+CHy(r;=1), (30) participates in the reaction.

which hereafter are called channéds, (b), and(c).

C. State-resolved differential cross sections D. Rotational polarization of the HCI  (v=1, J=1)

Figure 10 presents the DCSs for the H@IX0) and product
HCI (v=1) products obtained from analyses of the speed The scattering-angle resolved alignment momagt
distributions of HCl and Ckiproducts. The DCS for channel (STF) for the HCI (v =1, J=1) product is obtained from the
(c) is obtained from the deconvoluted speed distribution ofR(1) line of the HCIF-X (1, 1) band. Figures 1@) and
the HCI = 1)+ CHs(»,=1) channel shown in Figs.(&-  10(b) show the isotropidf2o*®and anisotropid&recs compo-
5(c). The differential cross sections show dramatic channehents of the TOF profile of HCl(=1,J=1). The poor
specificity: channela) shows side/back scattering; channel signal-to-noise ratio of the anisotropic component is partly
(b) shows side scattering; chann@), which is almost a caused by the severe hyperfine depolarization of HCI (
thermoneutral channel, shows forward scattering. The DCSs 1, J=1) that washes out 75% of the initially prepared
for channelgb) and(c) decrease sharply in intensity near the alignment. From the procedures described in Secs. IIC and
scattering angle, cas-0.6. In later sections, we will show I, the A$?) (STH moment was obtained as a function of the
that this cutoff in the angular distribution is consistent with CM scattering angle, and the results are presented in Fig.
the picture of impulsive energy release along the line of ceni1(c). Overall, theAgz) (STH moments are positive for most
ters. scattering angles, and they converge to zero in the backward
It is worthwhile to compare our DCSs with those of HCI scattering region. A positive value 9152) (STPH corresponds
products from the reaction €ICH, (v3=1 or |1000F,) to a preference for théy vector to point parallel or anti-
in local mode notation'® The reaction channels Cl parallel to the laboratory velocity vector.
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11 and 2 bands, caused by unresolved rotational lines, we
(a) were unable to obtain the rotational distribution of the,CH
product. We argue, however, that the rotational distribution
of the methyl radical is also cold. Assuming that an impulse
is released along the reactive C—H bond, a slightly bent tran-
sition state of GFH—-CH; will cause both HCI and Ckito
rotate. However, because the center of mass of GHo-
cated at the central carbon atom, Cldhould have less
torque imparted on it than HCI. Consequently, the degree of
rotational excitation should be less for gkhan for HCI.

It is tempting to associate the observed cold rotational
distributions with the collinear transition state geometry for
the hydrogen abstraction reaction. However, the model re-
cently proposed by Picconatén al?® warns that this conclu-
sion may not be valid. They propose that the observed cold
rotational distributions of the HCI product in €ICH, and in
related Ci+ R—H (R=C,Hs5, C3Hg, etc) systems are a con-
sequence of the heavy-light—heavy kinematics rather than

Intensity (arb. units)

0317 (c) the linearity of the transition state geometry. Our rotational
™ distributions are within the proposed kinematic limit, provid-
5 00 I ing credibility to the model. However, the rotational distri-

a2 l butions are distinctly different for the nearly isoenergetic
< channels(a) and (b). This behavior indicates that the rota-

0.31 tional distribution is not completely determined by the kine-

10 05 00 05 10 matics. We propose an explanation in terms of a difference in

the cone of acceptance. If we assume that the dominant re-
cosé activity associated with channéd) is caused by the looser

FIG. 11. (a) Isotropic IP'®e=|Probe, 21Probe ang () anisotropic 1Peke  transition state than that of chanrib), it is likely that chan-
=2(1PP=- P9 componentgthin solid lines of the TOF profile of HCI  nel (a) has a wider cone of acceptance, which allows a larger
(v=1,J=1), together with the result of fiithick solid line3. Photolysis  torque to be exerted on the HGI€ 0) product. In compari-
polarization is fi);ed at the perpendicular geometoy. Result of analysis_, son, channelb) is less favoredtighter transition staje and
angle-resolvedﬂxg) gSTF) moment sh_own as a f_unc_t|on of the scattering .
angle, after correcting for the hyperfine depolarization. The error bars repthermcore has a narrower cone of acceptance, which leads to
resento,,_, of replicate measurements. a colder rotational distribution. In addition, an increased
cone of acceptance for chanria) influences the differential
cross section, as we discuss in Sec. V C. Overall, we believe
that the rotational distributions of HCI products are deter-
mined by the interplay of the heavy—light—heavy kinematics
A. Rotational excitation of the products and the geometrically restricted reaction dynamics through

1Jts cone of acceptance.

V. DISCUSSION

In Sec. IV A, we showed that only a small percentage o
energy is channeled into product rotation and most of the
energy is deposited in either vibration or translation. TheB Product channels
HCI (v=0) products are exclusively formed via reaction ~*
channel(a) and HCI (o =1) products are formed mostly via From the results shown in the preceding sections, it is
channel(b) with a small contribution from channét), as clear that a general feature of this vibrationally enhanced
was shown in Sec. IV B. Therefore the rotational distributionreaction is that only one of the two activated C—H bonds is
for HCI (v=0) represents the dynamics of chanf@l In  strongly coupled to the reaction coordinate, whereas the
the same way, the rotational distribution for H@I< 1) rep-  other activated C—H bond is more or less a spectator. This
resents almost exclusively the behavior of charibgl picture is borne out by the following observations. First,

The rotational distribution for HCIy(=0) [channel(a)]  from the REMPI spectrum of CHwe found no detectable
products shows a remarkable similarity to that of the HClground-state methyl radical. Instead, we observed the sym-
(v=0) products from the GtCH, 1000,)—HCI (v metric stretching band. Second, the vibrational state distribu-
=0)+CH; (v=0 or »,) reaction. The rotational distribution tion of HCI indicates a negligible amount of HCbL €2)
for HCI (v=1) products[mostly via channelb)] shows a product. Such products can only occur by extracting two
somewhat colder distribution than that of H@I€0) prod- C-H stretching quanta from two spatially separated C—H
ucts. The HCI ( =2) rotational distribution is even colder (v=1) oscillators, which is an unfavorable pathway for a
than those of HCI#{=0) and HCI ¢ =1) products, and itis direct reaction. Third, all of the HCIy(=0) products are
primarily restricted by the available energy for the H@I ( produced in coincidence with GHv; or v3=1) [channel
=2) channel. (@], and some of the HClu(=1) products are produced with

Owing to insufficient spectroscopic information on the CH; (v;=1) [channel(c)]. In both channels, the vibrational
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state of the methyl radical product arises from the direct
projection of the motion of the vibrationally excited meth- 1w=1.0
ane. Finally, a striking parallelism exists in the DCSs be-
tween the CkCH,/1000,)—HCI (v=0,1)+CHz (v=0

or v,=1) and CH CH,1100F,)—HCI (v=0,1)+CHjz

(v, or v3=1) reactions>*? From these experimental obser-
vations, we conclude that a majorify-73%; channelda)
and (c)] of the reaction proceeds without energy redistribu-
tion of the excited C—H bonds.

The product channéb) HCI (v=1)+CH; (v,=1) that ' — T
accounts for approximately 27% of the reaction cannot be 02 06 10 14
explained by a simple, adiabatic picture. In this channel, two b
C—H stretch quant&6000 cm?) of CH, are directed into
Hol vibration (2991 orr™) and anelalonA00 G S
'eal"lng the CH product in the umbre,”a bending modg06 (b) ne);rly uniform opgcity fun?:tio;yw:O.S andn=3, dotted I,ine, and(c)’
cm ) state. An analogous experiments on+@H;D,  hard-sphere opacity functioiiashed—dotted line
(Refs. 5 and 2¥talso show the same behavior, indicating that
energy flow is restricted between the two initially excited
C—H bonds. One peculiar aspect of this channel is the domi-
nant excitation of the umbrella bending mode in .CH,  dynamic is a consequence dfl) the direct, localized
=1), instead of the ground state gHOne explanation can reactivity of the polyatomic reagent2) a narrow cone of
be given in terms of the possible role of low-frequency bend-acceptance around the reactive bond, édhe fact that the
ing mode character either originally present in the eigenstatfl atom is far from the center of mass of the polyatomic
of CH, we preparé? or excited via interaction with the CI reagent. On the other hand, a wide cone of acceptance for the
atom. According to Corchadet al.? the v, mode of CH is reaction will result in an approximately uniform, nonperiph-
closely coupled to the reaction coordinate and adiabaticall@ral opacity function. We model the opacity function as fol-
correlated to thev, (bending mode of the CH product.  1OWs:

Classically, this correlation is equivalent to the geometric

change from the pyramidal structure of glhoiety in the P(b;w,n)=(1-w)b"+w if b<1,

transition state to the planar methyl radical product. If we -0 it b>1 4
assume that the low-frequency bending mode of, @adili- '
tates the interbond coupling, the products from this nonadiayhereb is the reduced impact parameteve set the maxi-

batic channel will show an enhanced production of the low-nym impact,b,.,, as 2. The parametew describes the
frequency bending modes, i.e., the dominant excitation of th@ifference in reactivity between collisions of maximum and
umbrella bending mode of the GHproduct. minimum impact parameter. /=1, the reaction does not

Partial breakdown of the spectator bond limit has beerhaye any preference toward high-impact parameter and cor-
observed in systems such as+CGiCN and ChH,0,™ responds to a simple hard sphere collisigronperipheral
where the breakdown is ascribed to either the formation of gpacity function. On the other handw=0 represents the
long-lived complex or a fast entrance channel interaction. Anaximum differential reactivity between the lowest and the
recent theoretical model by Fagt al™ suggests that this pighest impact parameteggeripheral opacity function The
entrance channel interaction could be particularly S'gn'f'ca”barametem determines how fast the reactivity converges to
for molecules with degenerate vibrations such gOHI  the paseline as we move toward lower impact parameters
CH,. We find that the reaction @ICH,|1100{ ) proceeds (see Fig. 12 In modeling and interpreting DCSs, we use the
largely via vibrationally adiabatic pathways, but some nonaparametew as a measure of the width of the cone of accep-
diabatic coupling is likely occurring in channg). tance. Also, we assume that the C—H bond is broken and an

impulse is released when Cl and H-CBire in hard-sphere
o _ _ contact. The quasiclassical trajectory calculation by Levine
C. Channel-specific differential cross sections and co-worker® on the Ck CH, (vs=1) reaction shows

As shown in Fig. 9, the angular distributions differ sig- the one-to-one correspondence between the impact parameter
nificantly for each HCI product channel. The HGI£0) and the scattering angle expected for hard-sphere collisions.
+CHjs (v, or v3=1) channel(a) is side and backward scat- In this reaction, the mass of the H atom is much smaller than
tered, the HCI¢{=1)+CH; (v,=1) channel(b) is side the masses of Cl and GH Therefore, for simplicity’s sake,
scattered, and the HCbE 1)+ CHg (v;=1) channelic) is ~ We assume that there is an exchange of momentum between
forward scattered. In this section, we account for thethe collision partners, but not a change in mass, i.e., the
channel-specific DCSs in terms of a simple hard spheréeduced mass of the reagents and the products are the same.
model. It has been shown that the H-atom abstraction reac-he collision of two structureless, hard spherks; B, with
tion that involves transfer of the H atom away from the cen-collision radiusd and the impact parametercauses the ex-
ter of mass of the polyatomic reagent prefers collisions withchange of momenta along the line of centetsunit vectoy
high impact parameters. This so-called peripheralof the two collision partnergsee Fig. 189)]:

§9—3l
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(a)

(b)

pimp

FIG. 13. Hard sphere impulse release moda). Collision with impact
parametem, the collision diameted defines the contact angle, The im-

Kim, Bechtel, and Zare

Intensity (arb. units)

()

-05 00 05

-

-1.0 1.0

cosé

FIG. 14. Comparison of the measured DGSslid circles and the model
DCS (solid lines for three major channels,(@ HCI (v=0)
+CHz (v, orvz=1), (b) HCl (v=1,J=1)+CH; (v,=1), and (c)

HCI (v=1)+CHjz; (v,=1). For(a), the dashed line corresponds to the case
with a peripheral ¢=2) opacity function. The arrows ifa) and (b) indi-
cate the minimum deflection angles expected from &gs=1/(1
+AE/Eg) Y2

Note that co9,,, is dependent only on the relative amount
of the impulsive energy release, and Eg). suggests that a
minimum deflection trajectory is a result of a simpler-
thogonal vector sum of the velocity vectors associated with
impulse release f{i,) and the elastic componentg).
With a negligible impulse release, it is possible to have

pulse is released along the line of centers, to give the final scattering ang'?orward-scattered products However. with significant im-

6. (b) Near-miss collisions lead to the minimum deflection angle, &@gs
=1/(1+ AE/Ey) Y2, which is determined by the ratio between the impulsive
energy release and the initial collision energy.

p—[p-d+V(p-d)>+2xAE]d, (5)

where p=p,=—pg and p' =p,=—pg are the CM mo-
menta before and after the collision, respectively. In &.
AE is the kinetic energy release upon contact, anid the
reduced mass of the collision partners. Equati®nleads to

an expression for the scattering angle as a function of impaq}

parameter that is identical to that of the DIR&rect inter-
action with product repulsigrmodel proposed in the context
of charge-transfer reaction%:3*

COS@Zf),'f)Z%[Sinza—COSa/\/KZ—SiI'TZ al, (6)
where k=(1+AE/Ey)*?, Eo=p?2u, and sine=b/d. A
few points regarding Edq6) are in order. For a thermoneutral
channel AE=0), Eq. (6) reduces to the well-known for-
mula for hard-sphere elastic scattering, 6e<(b/d)>—1.
The minimum scattering angle cés;, for a given impulse,
AE is achieved with maximum impact paramefsee Fig.
13(b), a=m/2, b=Db:

€0SOmin=1/\1+ AE/E,. (7)

pulse release, a minimum amount of deflection is required. In
general, the impulse need not be released at the time of hard-
sphere contact, in which case the limiting behavior of the
scattering angle does not necessarily hold. The differential
cross section can be readily obtained by the following rela-
tionship:

db 8
Figure 14 compares differential cross sections from our
model with the experimental data. In modeling the DCSs, we
sed the parameters for the opacity functions; 0.8 (flat-
top) for channel(a) andw=0.2 (peripheral typg for chan-
nels (b) and (c), with n=3 for all three channel¢see Fig.
12). Overall, our model successfully captures the general fea-
tures of each channel for th@) HCI (v=0)+CHs (v, or
v3=1) and(b) HCI (v=1)+CHs (v,=1) channels, a sig-
nificant impulse is released into product translatidriE(E
~2), which deflects the trajectory of the product away from
the initial direction, leading to side and back scattering; for
the thermoneutral channe{¢) HCI (v=1)+CHz(v,=1),
little impulsive energy release occurs. Therefore, the propen-
sity for collisions with high-impact parameters leads to for-
ward scattering. Both the DCSs of chann@sand(b) show
a sharp drop in intensity near c6s0.6. This behavior is in
remarkable agreement with the predicted minimum scatter-
ing angle, co9,,;,=0.59 for channela) and co%,,,=0.64

dcose) 1
d cosé

=27TbP(b)(
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for channel(b), which is consistent with our hypothesis that 0.4 »
the H-atom abstraction occurs along the line of centers. The JN’
rupture of the C—H bond before or after the hard sphere 0.0 {2

contact leads to larger or smaller limiting scattering angles, )
respectively. PO | S e

The angular distribution for channéh) is better mod- ' )
eled by a “flattop” (w=0.8) opacity function than by opac- _1'0 _0'5 j 0'0 ' 0'5 " 1'0
ity function of the peripheraly=0.2) type(see Figs. 12 and ' ' ' ) '
14). On the other hand, channdl® and(c) can be modeled cosé
by the same peripheral opacity functiow=0.2). We con-  FIG. 15. Comparison of the measurad® (STP alignment of HCI ¢
clude that the cone of acceptance for char(agls signifi- =1,J=1) (solid circles and the expected STF moments of the three lim-
cantly wider than those for channels) and (). In other  1ing casesAf? (uy)=—0.6 (thin solid line, Af® (ucy) =~ 0.6 (dashed
words, this reaction channel has a more relaxedsey e andAf?(d) = — 0.6 (thick solid ling.
transition-state geometry. An increased cone of acceptance

necessarily causes the opacity function to be less periphergjyeen the model and the data is poor in the backward scat-
which leads to an increased probability for the reaction withyareq direction. This discrepancy likely is caused by interfer-

low impact parameters. This hypothesis of relaxed transitiongznce from the off-diagonal moments that we neglected in our
state geometry for channéd) is also consistent with the analysis. The measured alignment moment of HGk(, J

S||ght|y hotter rot.ational dis.tribution for chgnnéﬂ) than TOI' = 1) again agrees with our picture that the H-atom transfer
channel(b), as discussed in Sec. VA. It is worth while t0 gccurs along the direction of the line of centers.

note that the DCS for the vibrationally nonadiabatic channel

(b) is consistent with our hard-sphere impulse release mode};, cONCLUSIONS

and has a narrow cone of acceptance for the reaction. This ) )

consistency, together with the cold rotational distribution, in- N this work, we have determined the correlated energy
dicates that the transition state for this channel is restricted tgiSPosal, and the product differential cross sections of the

be collinear and the vibrational energy is redistributed instanf€action Cl CH,|1100F,)—HCI+CHs. The internal en-
taneously. ergy distributions and the correlated energy disposal of HCI

In summary, the overall agreement of our model with the2nd Ch products show that the majority of the products are

data confirms the picture that the rupture of C—H bond ocformed without significant energy redistribution of the ini-
curs along the line of centers at the point of hard spherdi@lly prepared motion of the CH We have also identified

contact. The observed channel specificity of DCS resultd€ minor, vibrationally nonadiabatic channel HGI<1)
from the combined effect of the differences of cone of ac-T CHa(¥2=1). We propose that the low-frequency bending

ceptance and the degree of impulse release that deflects tfPde character ) of CH, promotes this nonadiabatic
trajectory away from the forward scattered region.

(STF)

&)
0

A

D. Rotational polarization of the HCI  (v=1, J=1) ((a) HCI (v=0) R
product

If we assume that the rotational excitation of the product .\ %@\

is caused by the torque imparted to the HCI moiety at the \ N
transition state, the distribution of the rotational angular mo- O'D
mentum vector should be perpendicular to the impulse re- CHj; (Vstretch=1)
lease direction. Furthermore, the distribution should be cy-
lindrically symmetric with respect to the impulse release (b) % HCI (v=1)
direction. For the HCI¢ =1, J=1) product, this behavior is >
represented by three alignment momen«{f’(F)<0, 5
AP)(F)=0, andA?)(F)=0, whereF stands for the refer- ©

ence frame, with the axis parallel to the axis of cylindrical

J

N

— ¥

symmetry. We consider the following three limiting cases for '~°0;} CHs (Voena=1)
the cylindrical symmetry axis: it lies alonggy, or along > <
Uyc, or along the line of centersdf. The symmetric © HCI (v=1)
J-vector distribution around the vectaigy, Or uyc corre- %

sponds to the cases when the HCI products are formed near ) e S

the entrance channel or the exit channel, respectively, Cbho
whereas the symmetritdistribution around the line of cen- O@\ _

ters corresponds to the formation of HCI along the line of L CHs (Vstreton™1)

centers. Figure 15 shows the comparison of these three cases

in the STE frame with the observefkﬁz) (STH moment of FIG. 16. Schematic for the observed channel-specific scattering behavior of
. - i atomic chlorine reacting with the first overtone excited methafag:

HCI (v=1,J=1). Our dataf,hows good agreement with the (v=0)+CHs (v, or v3=1), (b) HCI (v=1,I=1)+CHs (v,=1),

curve corresponding t&(?(d)=—0.6. The agreement be- and(c) HCl (v=1)+CH, (v,=1).
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